Abstract A number of mechanisms have been proposed for the early brain injury after subarachnoid hemorrhage (SAH). In this study, we investigated the radiographic characteristics and influence of gender on early brain injury after experimental SAH. SAH was induced by endovascular perforation in male and female rats. Magnetic resonance imaging was performed in a 7.0-T Varian MR scanner at 24 h after SAH. The occurrence and size of T2 lesions, ventricular dilation, and white matter injury (WMI) were determined on T2-weighted images (T2WI). The effects of SAH on heme oxygenase-1 and fibrin/fibrinogen were examined by Western blotting and immunohistochemistry. SAH severity was assessed using a MRI grading system, and neurological function was evaluated according to a modified Garcia's scoring system. T2 hyperintensity areas and enlarged ventricles were observed in T2WI coronal sections 24 h after SAH. The overall incidence of T2 lesions, WMI, and hydrocephalus was 54, 20, and 63%, respectively. Female rats had a higher incidence of T2 hyperintensity lesions and hydrocephalus, as well as larger T2 lesion volumes and higher average ventricular volume. SAH rats graded at 3-4 (our previously validated MRI grading scale) had larger T2 lesion volumes, more hydrocephalus, and worse neurological function compared with those graded at 0-2. In conclusion, T2 lesion, WMI, and hydrocephalus were the most prevalent MRI characteristics 24 h after experimental SAH. The T2 lesion area matched with fibrinogen/ fibrin positive staining in the acute phase of SAH. SAH induced more severe brain injury in females compared to males in the acute phase of SAH.
Introduction
Subarachnoid hemorrhage (SAH) is a devastating disease resulting in high mortality, especially within the first few days after aneurysm rupture [1, 2] . However, the mechanism of brain injury during the acute period remains poorly understood, and therapeutic options are limited [3, 4] . MRI is a non-invasive method for collecting structural, physiological, and functional imaging data with high spatial resolution [5] . It has been widely used for detecting brain injuries such as cerebral edema, acute hydrocephalus [6] [7] [8] , white matter injury [9] [10] [11] , and ischemic lesions [12, 13] caused by various central nervous system diseases. However, due to longer acquisition time and difficulty in performing of MRI compared to CT scans and the high risk of rebleeding in SAH patients, MRI is rarely performed clinically for the patients in the acute setting after SAH. In the current study, MRI was performed to examine SAH-induced acute hydrocephalus and white and gray matter injury in a rat model. SAH occurs more frequently and with a higher incidence of hydrocephalus in women than in men [14] [15] [16] [17] . Our previous study indicated that the incidence of acute hydrocephalus after experimental SAH was also significantly greater in female rats (75%) than in males (47%) [6] . This study examines the effect of gender on MRI findings and neurologic outcomes after SAH in rats.
Additionally, iron plays an important role in brain injury after experimental intracerebral hemorrhage (ICH) [18] [19] [20] , intraventricular hemorrhage (IVH) [21, 22] , and SAH [23] . Our previous studies indicated that iron levels in CSF increase almost 14-fold after ICH on the third day and remain high for at least 1 month after experimental ICH. Increases of brain iron levels cause brain edema, oxidative stress, brain atrophy, and neurological deficits following ICH [18, 24, 25] . After SAH, the brain is exposed to high concentrations of hemoglobin as erythrocytes lyse [26] . Hemoglobin and heme are then captured by macrophages in the form of hemoglobin-haptoglobin and heme-hemopexin complexes via the hemoglobin scavenger receptor CD163 and hemopexin scavenger receptor CD91, respectively [27, 28] . Heme oxygenase-1 (HO-1) is a key inducible enzyme for heme degradation and iron release. The released iron can be stored in ferritin [18, 23, 29] . An iron chelator, deferoxamine, effectively reduced iron and HO-1 levels and ameliorated acute neuronal injury after SAH [23] . In this study, all experimental SAH rats were graded into 0-4 groups based on blood accumulation in the subarachnoid space. The relationship between MRI grading system after SAH and brain injury severity was determined.
Materials and Methods

Animal Preparation and SAH Induction
Animal use protocols were approved by the University of Michigan Committee on the Use and Care of Animals. Animals were housed under standard 12:12 light-dark conditions and allowed free access to water and food. A total of 148 (90 males and 58 females) adult Sprague-Dawley rats were used in this study of which 124 (n = 76 in male group and n = 48 in female group) had a SAH induced by endovascular perforation as previously described [23] . In brief, rats were anesthetized with 5% isoflurane. After intubation and initiation of mechanical ventilation, isoflurane was maintained at 2.5-3%. After this, the left external carotid artery was identified under a surgical microscope, transected distally, and reflected caudally in line with the internal carotid artery. A 4-0 nylon monofilament suture was inserted into the stump of the external carotid artery through the common carotid artery bifurcation and into the internal carotid artery. The filament was advanced distally into the intracranial internal carotid artery to cause a vascular perforation. The filament was then withdrawn. The other 24 rats underwent a sham operation, the same procedure without perforation (n = 14 in male group and n = 10 in female group). Mortality rates were 24% (18 of 76) in male rats and 27% (13 of 48) in female rats at 24 h after SAH. No death occurred after sham operations.
MRI and Measurements
MRI imaging was performed in a 7.0-T Varian MR scanner (Varian Inc., Palo Alto, California) [30] 24 h after induction of SAH. Rats had T2 fast spin-echo sequences (repetition time/echo time = 4000/60 ms) and T2* gradient-echo sequences (repetition time/echo time = 250/5 ms) using a field of view of 35 × 35 mm, matrix of 256 × 256 mm, and 25 coronal slices (0.5 mm thick). All MRI data analysis was performed by a blinded observer using NIH ImageJ software. T2 lesion volumes were measured as previously described [31] . In brief, T2 lesion areas were identified using the mean value comparison between ipsilateral and contralateral brain. A pixel in the ipsilateral of the brain was considered abnormal if its value was larger than the mean value plus twice the standard deviation provided by the contralateral brain. T2 lesion volumes were measured by combining abnormal pixels over all slices and multiplying by section thickness and were presented as the volume ratio between T2 lesion and ipsilateral hemisphere. Ventricular and white matter injury volumes were measured and calculated as described previously [6, 7, 32] . Ventricular volume is presented as the percentage of the mean in sham animals. Hydrocephalus was defined as ventricular volume over +3 standard deviations (SD) of the mean in sham animals (with separate values determined for males and females). To calculate the volume of white matter injury, the area of white matter T2 hyperintensity was measured in all slices and multiplied by section thickness.
SAH Grading in MRI
SAH severity score was assessed using MRI as previously described [33] . In brief, five grades were categorized according to the thickness of SAH clot and the presence of IVH in the lateral ventricle: grade 0: no SAH or intraventricular hemorrhage (IVH), grade 1: minimal or thin SAH without IVH, grade 2: minimal or thin SAH with IVH, grade 3: thick SAH without IVH, and grade 4 thick SAH with IVH. Thick SAH was defined as there being at least two slices with clots thicker than 0.5 mm on T2* MRI. IVH was defined as at least one hypointensity clot recognized in any ventricle on T2* imaging. Animals were divided into three groups: sham, mild SAH (grades 0-2), and severe SAH (grades 3-4) based on those criteria.
Neurological Score
Neurological deficits were evaluated at 24 h after SAH by a blinded observer according to the modified Garcia's scoring system [34, 35] . The neurobehavioral tests included (1) spontaneous activity, (2) symmetry in forelimb movement, (3) forepaw outstretching, (4) climbing, (5) body proprioception, and (6) response to vibrissae touch. Each test was assigned a score from 0 to 3. The minimum neurological score is 2, and the maximum is 18.
Immunohistochemistry
Rats were anesthetized with pentobarbital (60 mg/kg, i.p.) and underwent transcardiac perfusion with 4% paraformaldehyde in 0.1 mol/L (pH 7.4) phosphate-buffered saline. Brains were removed and kept in 4% paraformaldehyde for 6 h, then immersed in 30% sucrose for 3 to 4 days at 4°C. Brains were then placed in optimal cutting temperature embedding compound (Sakura Finetek, Inc., Torrance, CA, USA) and sectioned on a cryostat (18-μm-thick slices).
Immunohistochemistry was performed using avidin-biotin complex technique [36, 37] . The primary antibodies were rabbit anti-HO-1 (1:400 dilution; Abcam) and rabbit antifibrinogen (1:200; Abcam). Coronal sections were stained with hematoxylin and eosin (H&E) for histopathologic evaluation. Lesion areas on the H&E-stained sections (presented as percentage of ipsilateral hemisphere) were outlined and measured on a fixed section (bregma = −0.80 mm) for each rat, which matched the MRI slice.
Western Blot Analysis
Western blot analysis was performed as previously described [23, 36, 38] . Briefly, rats were perfused with 0.1 mmol/L phosphate-buffered saline (pH 7.4) after euthanasia, and the ipsilateral and contralateral cortex, white matter (corpus callosum), and basal ganglia were sampled. Protein concentration was determined by Bio-Rad protein assay kit (Hercules, CA), and 50 μg protein of each sample was separated by SDS-PAGE and transferred onto a hybond-C pure nitrocellulose membrane (Amersham, Pittsburgh, PA). Polyclonal rabbit anti-HO-1 IgG (dilution 1:2000) antibody was used.
Statistical Analysis
The values are presented as means ± SD. Statistical differences in T2 lesion, hydrocephalus, and WMI volume among different gender groups were analyzed using one-way ANOVA test. Statistical differences of the injury between mild and severe SAH groups were analyzed by Student's t test. A chi-squared test was used to determine the incidence differences as well as the correlations of T2 lesion, hydrocephalus, and WMI among these groups. Spearman's rank correlation was used to examine correlations between T2 lesion volume and Garcia's score, MRI grading and ventricular volume, T2 lesion volume, or WMI volume. Statistical significance was set as p < 0.05.
Results
Brain Injuries After SAH T2 hyperintensity area in the brain parenchyma (T2 lesion), T2 hyperintensity in the corpus callosum (WMI), and enlarged ventricles (hydrocephalus when it is over +3 SD of the mean in sham animals) were found on T2WI after SAH (Fig. 1a) . The overall incidence of T2 lesions after SAH was 54% (50/93) at 24 h; hydrocephalus occurred in 63% (59/93), while 20% (19/93) had white matter injury (Fig. 1b) . The latter is different than a previous mouse study where all SAH animals had WMI [9] . The lesion areas on T2WI consistently matched lesions identified on H&E staining. In addition, fibrinogen/ fibrin-positive microthromboses were found in SAH rats with T2 lesions, and the lumen of numerous arterioles were filled with erythrocytes and microthrombi (Fig. 2a) . The basal ganglia of SAH rats had higher HO-1 immunoreactivity than sham-operated rats. The HO-1-positive cells and protein levels were much higher in the rats that had T2 lesions at 24 h than those that had no T2 lesion (p < 0.05; Fig. 2b ).
SAH-Induced More Severe Brain Injuries in Females than in Males
Ventricular volumes were similar in female (11.2 ± 1.8 mm 3 , n = 10) and male (11.4 ± 2.7 mm 3 , n = 14) rats at 24 h after the sham operation (p = 0.24). But, SAH induced significantly ventricular enlargement (35.8 ± 15.8 mm 3 in females, n = 35, p < 0.01 and 25.3 ± 16.8 mm 3 in males, n = 58; p < 0.05) compared to sham-operated rats. SAH-induced ventricular enlargement (expressed as a percentage of sham operation values) was significantly larger in females (320 ± 141%, n = 35) than in males (222 ± 147%, n = 58, p < 0.01, Fig. 3a,  b) . Acute hydrocephalus was defined as ventricular volume over +3 SD of the mean in sham rats. Such acute hydrocephalus at 24 h after SAH occurred more frequently in female than in male rats (89%, 31/35 vs. 48%, 28/58, respectively; p < 0.01; Fig. 3c ).
No T2 lesions or WMI were detected in sham-operated rats. The T2 lesion size (% of ipsilateral hemisphere) was markedly greater in female (14.2 ± 15.4%; n = 35) than in male (7.1 ± 10.8%; n = 58; p < 0.05) rats (Fig. 3c) . The incidence of T2 lesion at 24 h after SAH was higher in female (69%, 24/35) than in male rats (45%, 26/58, p < 0.05). There was a trend towards higher WMI volume in females compared to males, but this did not reach significance (3.4 ± 8.1 mm ; n = 58 in male; p = 0.067, Fig. 3d ). The frequency of WMI at 24 h after SAH was significantly higher in female (34%; 12/35) than in male (12%; 7/58) rats (p = 0.01, Fig. 3d ).
The Correlation of Brain Injuries with MRI Grading
Severity of brain injury, as assessed by ventricular enlargement, T2 lesion, and WMI volumes, correlated with a MRI grading scale as indicated by our previous study [33] (Fig. 4a) . The ventricular volume of SAH rats with higher grade SAH (283 ± 160%; n = 68) was larger than that of rats with low SAH grade (193 ± 107%; n = 25, p < 0.05, Fig. 4b ). The ratio of SAH-induced occurrence of hydrocephalus was also greater in high-grade SAH rats (72%, 49/68) than in low-grade SAH rats (40%, 10/25, p < 0.05, Fig. 4e ). There were significantly larger T2 lesion volumes (12.7 ± 13.9 vs. 1.9 ± 5.6%, p < 0.01) and greater T2 lesion occurrence (66 vs. 20 % p < 0.01) in high-grade than in low-grade SAH rats (Fig. 4c,   e ). Although WMI volume was not statistically different (2.5 ± 6.7 vs. 0.5 ± 2.6; p = 0.16, Fig. 4d ), the frequency of WMI was markedly greater in high-grade SAH rats (26%, 18/ 68) than in low-grade rats (4%, 1/25, p < 0.05, Fig. 4d, e) .
There was a strong correlation between T2 lesion volume and Garcia's score (r = 0.64, p < 0.05; Fig. 5a ). Correlations were also found between MRI grading and ventricular volume (r = 0.37, p < 0.05; Fig. 5b ), T2 lesion volume (r = 0.45, p < 0.05; Fig. 5c ), and WMI volume (r = 0.29, p < 0.05; Fig. 5d ). Of the SAH rats, 45% (42/93) had T2 lesion with hydrocephalus, and 18% (17/93) of them had a T2 lesion, hydrocephalus, and white matter injury. The occurrence of T2 lesion, hydrocephalus, and WMI correlated with each other (p < 0.01 for T2 lesion and hydrocephalus; p < 0.01 for T2 Fig. 1 a T2 lesion (g-i, asterisk) , hydrocephalus (HC; j-l), and WMI (m-o, arrowheads) in T2-weighted magnetic resonance images (MRIs) in rats with a sham (a-c) or a SAH endovascular perforation operation (d-o) at 24 h after procedure. b The overall incidence of T2 lesions, HC, and WMI, respectively, 24 h after endovascular perforation (n = 93) lesion and WMI; p < 0.05 for hydrocephalus and WMI, Figs. 1a and 5e).
Discussion
MR imaging has well-documented advantages and reliability compared with CT in detecting cerebral edema, acute hydrocephalus [6] [7] [8] , white matter injury [9] [10] [11] , and ischemic lesions [12, 13] . Imaging in the acute phase of SAH presentation may lead to better delineation of the early brain injury caused by SAH. However, MRI is usually not used in the acute phase of SAH as patients require critical care monitoring and MRI requires longer imaging time with minimal clinical monitoring [39, 40] . Early brain injury, which begins within minutes after aneurysms rupture [41] , is believed to be a precursor for both delayed vasospasm and delayed ischemic neurological deficits [42] . Our previous study showed that intracranial pressure (ICP) increased very rapidly after endovascular perforation, being markedly elevated within 0.5 min, and while there was some decrease by 20 min, it remained elevated for at least 60 min. Although there was a transient increase in blood pressure, the cerebral perfusion pressure (CPP) decreased very markedly immediately after SAH induction and, after a brief rebound, remained below the baseline for 60 min [26] . The elevation of ICP and the reduction of CPP may lead to global cerebral ischemia. In this experimental study, 54% of SAH rats had a T2 lesion 24 h after the endovascular perforation, with the lesion volume varying from 0.6 to 385 mm 3 . All the observed T2 lesions were within the ipsilateral hemisphere adjacent to the puncture point where the anterior cerebral and middle cerebral arteries bifurcate. T2 lesions also occur clinically after SAH, but the lesion areas may be distributed in both hemispheres. This may be explained by the fact that the collateral circulation in rats is more robust than that in humans, and thus, the global rise in intracranial pressure post vessel/aneurysm rupture leads to more diffuse ischemic-type changes within patients as compared to rats. The T2 changes adjacent to the rupture site are most likely associated with high flow blood causing traumatic cerebral injury [43] . The global ischemia in SAH patients is further supported by a long-term follow-up MRI imaging study post SAH revealing that 81% of 104 patients presented a total of 152 areas of increased signal intensity on T2WI, which were consistent with previous infarction [12] .
In the acute phase, the leading causes of T2 lesion are transient global ischemia induced by sharply elevated intracranial pressure, m icrocirculatory constriction, microthrombosis, blood brain barrier disruption, and high intracellular iron content [23, 42, 44, 45] . In addition, H&E staining showed that the lesion areas on T2WI matched with histologic lesions (Fig. 2a) . Fibrinogen/fibrinogen-stained microthromboses were found preferentially in the T2 lesion area compared to non-lesion areas. In the T2 lesion areas, numerous arterioles were filled with erythrocytes packed in the lumen in microthrombi and were not rinsed out during perfusion fixation. These findings support that the T2 lesional areas show areas of cerebral infarction, which is consistent with other studies [12] . These infarctions appear distinct from those caused by delayed cerebral ischemia (DCI) that do not appear until a number of days after ictus [46] .
The immunoreactivity of HO-1 is increased significantly after experimental SAH. This may lead to an increase in brain non-heme iron, oxidative deoxyribonucleic acid injury, and ultimately neuronal death. An iron chelator, deferoxamine, has been shown to effectively reduce iron and HO-1 levels and ameliorate acute neuronal injury after SAH [23] . In this Fig. 2 a The SAH-induced lesions in T2WI, by HE staining (scale bars = 1 mm, 100 μm, and 10μm; n = 24) and fibrinogen/fibrin immunostaining (scale bar = 20 μm). b The immunoreactivity and protein levels of HO-1 in sham or SAH-operated rats, scale bar = 50 μm, n = 3, *p < 0.05 study, HO-1 expression was significantly increased in T2 lesion areas, suggesting that iron and iron-handling proteins are associated with the formation of T2 lesion.
Acute hydrocephalus has been reported in 20% of patients within 72 h after aneurysmal SAH. The occurrence of acute hydrocephalus was related to thickness of hematoma in the ventricle [47] . We previously found a hydrocephalus incidence of 44% (12/27) in male rats [7] . In the current study, the incidence was 63% (59/93) and correlated well with SAH severity.
Haptoglobin binding of hemoglobin represents a first line of defense against hemolysis, facilitating removal of hemoglobin by CD163. However, this pathway may be saturated after SAH, leading to free hemoglobin in the cerebrospinal fluid. The increased red blood cell lysis, hemoglobin, heme, and iron in cerebrospinal fluid may result in ventricular enlargement [48, 49] .
White matter injury occurs in a variety of neurologic diseases [50] . Our previous study found that all wild-type mice had abnormalities in white matter areas (corpus callosum, external capsule, or fimbriae) on T2WI 24 h after SAH. These abnormalities correlated with axonal damage, myelin degradation, and blood-brain barrier disruption [9] . These findings are supported by a recent study [51] . In contrast, in the current study, 20% of all rats showed an abnormality along the corpus callosum on T2WI 24 h after SAH. There was a trend towards larger volume of white matter injury in female rats, though this did not reach significance (p = 0.067 for male vs. female).
The relationship between gender and cerebral hemorrhage has been examined previously both clinically [52, 53] and experimentally [54] [55] [56] . We previously found that acute hydrocephalus occurs more frequently in female rats after SAH [6] . In the current study, female rats had higher rates of SAHinduced T2 lesions and hydrocephalus. Female rats also had Fig. 3 T2-weighted MRIs (a) ; the volumes of ventricle (b), T2 lesion (c), and white matter injury (d); and the frequency of hydrocephalus (HC), T2 lesion, and WMI (e) in male and female rats at 24 h after SAH (male, n = 58; female, n = 35) or sham operation (male, n = 14; female, n = 10), #p < 0.01, *p < 0.05 significantly larger T2 lesion volumes and greater ventricular enlargement compared to male rats. No significant differences in WMI volume on T2WI were observed between male and female rats after SAH, though there was a trend (p = 0.067) towards larger volumes in female rats.
In clinical studies, women have been found to have a higher incidence of SAH and subsequent acute hydrocephalus [14] [15] [16] [17] , but the reason is still unknown. There is growing evidence that estrogen has an important influence on vascular physiology and the pathophysiology of cerebral aneurysms. It is involved in the formation and rupture of cerebral aneurysm and subsequent SAH [57, 58] . The peak incidence of aneurysmal SAH occurs in the seventh decade in women and the sixth decade in men [59] . Estrogen deficiency, such as after menopause, is associated with increased risk for SAH [60] , and hormone replacement therapy is associated with decreased risk for SAH as well as ameliorating subsequent brain injury [52, 58, 61] . However, no significant difference of overall outcomes after aneurysmal SAH was found between women and men in another study, despite differences in age and aneurysm characteristics [53] . In animal models of other central nervous system injuries, such as traumatic brain injury [62, 63] , intracerebral hemorrhage [54, 64] , or ischemic stroke [65] , estrogen plays a neuroprotective role, leading to less brain injury. The present study found that female rats had more evidence of brain injury than male rats 24 h after SAH. In female rats, larger lesions and ventricular volumes as well as a higher incidence of lesions and hydrocephalus were observed on T2WI. The incidence of WMI was higher in female rats compared to males, and there was a non-significant trend Fig. 4 T2-weighted MRIs (a) ; the volumes of ventricle (b), T2 lesion (c), and white matter injury (d); and the frequency of hydrocephalus (HC), T2 lesion, and WMI (e) in rats with different SAH grades (grades 0-2, n = 27; grades 3-4, n = 66) or sham operation (n = 24) at 24 h after surgery, #p < 0.01, *p < 0.05 towards higher WMI volumes in female rats compared to males.
One possible mechanism for the gender difference is that the activation of estrogen receptor-β in aneurysms before rupture may have a protective effect on the vessel wall and lead to attenuation of tissue damage. The estrogen receptor-β is predominantly distributed in human intracranial aneurysms and cerebral arteries. Estrogen has a protective effect that can prevent aneurysms from rupture through the activation of ER-β in ovariectomized mice [55] . However, in an ischemic stroke model, estrogen receptor-α knockout mice had smaller cortical infarction volumes compared with mice, suggesting that loss of estrogen receptor-α does not enhance tissue damage in females and that this neuroprotective role does not depend on activation of estrogen receptor-α [56] . There are few studies about the immunoreactivity of estrogen receptors after SAH. We previously found that iron deposition may lead to increased periventricular brain injury after SAH and IVH [7, 21] . Estrogen may influence iron metabolism by modulating the hepcidin-ferroportin axis, which fundamentally governs global iron absorption, distribution, utilization, and egress. A repression of ferroportin at the transcriptional level by estrogen was observed in another study and could result in intracellular iron accumulation [66, 67] .
Both T2 lesion volume and ventricular dilation were significantly greater in rats with severe SAH compared to those with mild SAH. The incidence of T2 lesions as well as hydrocephalus was also significantly higher in the severe SAH group. This indicates a correlation between early brain injury and clot thickness which reflects hemorrhage accumulation in the ventricles and cisterns. We previously found that the amount of subarachnoid blood or the presence of intraventricular hemorrhage may cause obstruction of cerebrospinal fluid flow and lead to hydrocephalus [7] . A clinical study found early ischemia in 40 of 61 (66%) of SAH patients using MRI. It was related to worse HuntHess grade and GCS score, and it significantly predicted an increased number and volume of infarcts on follow-up MRI [43] . These findings indicate the potential utility of MRI in investigating early brain injury in experimental SAH studies without the need for animal euthanasia. Conclusions T2 lesions, white matter injury, and hydrocephalus were the most prevalent MRI characteristics 24 h after experimental SAH. Fibrinogen/fibrin was detected in T2 lesion areas in the acute phase of SAH. Female rats developed more severe brain injury in the acute phase of SAH compared to males.
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